Introduction
In the Alps, discontinuous mountain permafrost is currently encountered above about 2400 m a.s.l., depending on orientation and type of terrain (Nötzli & Gruber 2005) . Nevertheless, abnormally cold ground conditions indicating possible occurrence of isolated permafrost patches have also been reported at much lower elevations in porous debris accumulation, like talus slopes and sometimes relict rock glaciers (e.g. Morard et al. 2008a; Wakonigg 1996) . At these particular sites, found sometimes more than 1000 metres below the regional lower limit of discontinuous permafrost, occurrences of cold air flows (< +5°C) between the blocks and ground ice in summertime have been recorded despite a mean annual air temperature (MAAT) above 0°C (e.g. Delaloye et al. 2003; Hauck & Kneisel 2008; Sawada et al. 2003; Tanaka et al. 1999; Wakonigg 1996; Zacharda et al. 2007 ). The development of dwarf forests or so-called «Hexenwäldli» (Bächler 1946) , boreo-alpine vegetation species and relict ecosystems from the Last Ice Age has also been recorded (e.g. Bertinelli et al. 1993; Körner & Hoch 2006; Ruzicka 1999; Zacharda et al. 2005) . Further, the toponymy of these sites often suggests the occurrence of ice: «Eisloch», «Eiskeller», «Toteisboden» (Wakonigg 1996) , «Glacière» (Hauck & Kneisel 2008) and «Ice Valley» (Tanaka et al. 1999) . In some cases, geophysical surveys or trenches have pointed out the occurrence of summer ice and sometimes extrazonal permafrost inside the porous debris accumulation (Gude et al. 2003; Hauck & Kneisel 2008; Sawada 2008) . Previous research has discussed the possible effect of low solar radiation, the insulating effect of mosses, thermal effect of evaporation in summertime and air exchanges between the ground and the atmosphere for ground overcooling and summer ice at low elevation (Harris & Pedersen 1998; Wakonigg 1996) . Recent studies (Delaloye et al. 2003; Lambiel 2006; Sawada et al. 2003; Wakonigg 1996) , including the analysis of several tens of sites in Switzerland (e.g. Morard et al. 2008a) , highlight the possible role that the reversible air circulation process (the so-called «chimney effect») has in controlling the ground surface temperature (GST) in these talus slopes. The cooling effect of air circulation through porous material is well known. For centuries, it has been used in natural refrigerators (socalled «milkhouses») to preserve food (De Planhol 1995; De Saussure 1796) ; recently it has been used in embankments to preserve permafrost conditions under transportation infrastructures in regions of high latitude or altitude (e.g. Goering & Kumar 1996).
Reversible air circulation (the «chimney effect»).
Variations of both direction and velocity of the airflow in accumulations of loose sediments are primarily controlled by the thermal contrast between the outside and inside (ground) air causing a gradient of driving pressure (Delaloye et al. 2003) . The airflow direction reverses seasonally (Fig. 1) . During winter, an ascent of relatively warm light air tends to occur in the upper part of the debris accumulation. This leads to a dynamic low (a depression) in the lower part, causing a forced aspiration of cold external air deep inside the ground even through a thick -but porous -snowpack. A gravity discharge of relatively cold dense air occurs during summer in the lowermost part of the debris accumulation, preventing the GST from rising significantly above 0°C in this section of the loose sediment accumulation. As a consequence, a diffuse aspiration of external warm air occurs in the upper part of the slope.
The goal of this paper is (1) to present the results of long term GST and atmospheric air evolution monitoring in several cold ventilated talus slopes, (2) to illustrate the effect of meteorological variables (temperature, snow) on the thermal regime in these slopes and (3) to illustrate the effect air circulation can have on creating and/or preserving extrazonal permafrost.
Characteristics of the study sites
Topo-climatic characteristics from eight porous debris accumulations from western Switzerland are presented in Table 1 and Figure 2 . The elevations range from 800 to 1800 metres above sea level. Summer ice and cold air outflows, as well as snowmelt windows in winter -main visual evidences of chimney effect ventilation (Morard et al. 2008b ) -, were observed at all research sites. A dwarf forest is also well developed at the lower part of the Creux-du-Van and Dreveneuse d'en Bas talus slopes, while at other sites vegetation is sparse with a high density of mosses. Gros Chadoua is a talus slope -relict rock glacier complex with several cold windholes located at its front.
Pluriannual thermal behaviour of low elevation cold talus slopes in western Switzerland
Geophysical surveys were also carried out at Creuxdu-Van, Dreveneuse d'en Bas, Dreveneuse du Milieu, Mayens de Bruson and Gros Chadoua. The aim was to determine the thickness of the debris accumulation and the possible occurrence of permafrost at depth. A frozen body is probably to be found at some depth at Creux-du-Van (Delaloye et al. 2003) .
Methods
In addition to the observation of visual evidence, temperatures were measured at the ground surface and in boreholes in order to assess both the long term thermal regime as well as the spatial variability of the ventilation system. Snowcover thickness is also recorded in the Creux-du-Van talus slope.
Ground surface temperatures
Several single-channel dataloggers (UTL-1, Geotest AG) were installed in numerous sites at 10-20 cm depth recording the GST every two hours. The precision of the measure is about +/-0.25°C. All of the devices listed in Figures 3 and 4 were placed in the lower part of the slope where summer ice and cold air outflows occur, except for sensor CV-08. This was placed in the upper part of the slope where warm air outflows are observed in winter (Fig. 2) . The external air temperature at 2 m height and the GST at CV-Soil were recorded with a precision of +/-0.1°C by a multichannel datalogger meteorological station (MADD Technology). Having been intensively studied since 1997, Creux-du-Van provides the longest continuous data series in the world for a cold low elevation talus slope.
The comparison between GST and atmospheric air temperature provides information about both the direction and the intensity of the airflow. When values for both parameters are similar, an aspirating regime may be assumed; when an inverse relationship is recorded, an expelling phase may be assumed at that given moment (Lismonde 2002) . This method has been confirmed by direct measurements of airflow velocity and direction Sone 2005) .
Borehole temperatures
In order to document and better understand the ventilation process causing the strong overcooling of the lower part of the debris accumulation, two boreholes were drilled and instruments installed in November 2004 in the Dreveneuse d'en Bas talus slope. Borehole BH1 was situated a few metres above the patch of dwarf trees in the area where air was expected to flow between the lower and the upper part of the slope ( Fig. 1 and 2 ). The porous blocky layer is 11m thick at the monitoring point, covering at least 4 m of much finer loose sediments. Borehole BH2 is 5 m deep. It was drilled in the lower half of the patch of dwarf trees. The porous blocky superficial material here is only about 4 m thick.
Snowpole
Snow is a major factor in permafrost studies because it acts as a thermal insulator for the ground (e.g. Goodrich 1982) . In order to study the evolution of the snowpack at low altitude over serveral years and its influence on the thermal regime of a ventilated system, a snow pole was installed at Creux-du-Van in 1998. The device consists of a wooden rod two metres high with temperature sensors (UTL-1, Geotest AG) attached at 0.0, 0.3, 0.6, 1.0, 1.4 and 2 metre intervals. The snow height can thus be reconstructed by comparing the thermal oscillations within the snowpack with those of the atmospheric air (Delaloye 2004; Lewkowicz 2008) .
Results

Twelve years of thermal records at Creux-du-Van
During winter, an ascending air circulation regime prevails ( Fig. 3 ). In the upper part of the slope (CV-08), the GST remained above 0°C, except during a mild weather period in March 2003. Of particular interest is the tendency for GST to gradually decrease from about +5°C at the beginning of November to +0.5°C in March. This trend is remarkably stable during the cold and snowy winters 2005-2006 and 2008-2009 . An inverse relationship to outside temperature could also be observed. From mid-April and during the summer, the thermal behaviour is similar to external air temperature regimes, with GST reaching on average +15°C in July.
In the lower part of the slope (CV-Soil), the thermal regime is completely different (Fig. 3) . At CV-Soil, GST is at or below freezing point during winter. The thermal regime shows strong variations directly linked to the cold weather. When the snowpack is thick, a delay of a few days can be observed. In January 2009, for example, the GST cooled down despite the onset of thick snowcover of 1.5 m with temperatures dropping from 0°C to -8°C in only a few days. A zero-curtain period may be observed in late winter and spring when meltwater percolates at the base of the snowpack. Ground ice forms at the beginning of this period as well. Generally, the ground remains frozen until around 18 th May to 1 st June. An exception was the mild winter 2006-2007 when the ground at CV-Soil had already defrosted by 9 th May. During summer, the gravity discharge of cold dense air maintains stable cool conditions at CV-Soil between +2° to +6°C. During this period, there is also a more or less well-established inverse relationship between the GST and the external air temperature.
Borehole temperature measurements in Dreveneuse d'en Bas
During the cold winters of 2004-2005 and 2005-2006 , the whole blocky talus slope cooled down strongly and rapidly (Fig. 4) . In BH1, a minimal temperature of -8 to 
Long term ground surface and air temperature
relationship In order to compare the long term thermal regime between different ventilated debris accumulations and the external air temperature, the results of daily GST data from 8 sites (Tab. 1) were averaged to calculate mean annual ground surface temperatures (MAGST). The mean annual air temperature (MAAT) used in Figure 5 was recorded at Creux-du-Van.
The following observations could be made: MAGST at CV-Soil was always colder than MAAT, the offset ranging from -6 to -3.5°C. In the upper part of the slope (CV-08), the annual thermal anomaly varies between +0.02 and +2.3°C. Two main events stand out in the MAAT-MAGST regime comparison ( MAGST patterns were on the whole similar in the different ventilated porous debris accumulations investigated, although absolute MAGST values appeared to decrease with altitude. A mean altitudinal gradient of 0.37°C/100 m was calculated.
Temperature (°C)
January
Discussion
Continuity and stability of the ventilation process
Over the whole of the monitoring period, the Creuxdu-Van talus slope acted as a chimney. In winter, the warmth expelled by the talus slope resulted in a decreasing trend of positive GST in the upper part of the slope. It also caused air to be sucked into the lower part of the talus slope, significantly cooling the ground interior. During summer, ground temperature in the lower part of the slope and in borehole BH1 (Dreveneuse) reflects the gradual draining of the cold reservoir built up during the previous winter. Generally, temperature records presented in this article confirm airflow measurements and observations recorded by other researchers Sone 2005) with regards stability of the ventilation process; intensity primarily depends on the thermal gradient between the temperatures in the interior of the talus slope and outside temperatures.
The chimney effect leads to a strong heterogeneous GST regime with a negative thermal anomaly in the lower part of the system and a positive thermal anomaly in the upper part, with transient regimes. Morard et al. (2008a) proposed a general classification of the different GST regimes. The same annual GST behaviour has also been observed in low elevation talus slopes in Central Europe (Zacharda et al. 2007 ) and in Japan (Sawada et al. 2003) . Further, the thermal stability and coolness in the lower part of the slope in summertime provide favourable long term abiotic conditions for boreo-alpine vegetation and less-competitive species. Zacharda et al. (2005) suggest that these paleorefugia could have remained unchanged since the Pleistocene.
Influence of meteorological conditions in the thermal regime evolution
The long term study of the Creux-du-Van cold talus slope supports discussion of the influence of selected meteorological variables. Warm weather conditions in summer 2003 did not provoke an increase of the GST in the lower part of the slope. The MAGST even slightly dropped. Further, during the mild winter 2006-2007, the ground was not affected by intense cooling, GST and boreholes temperatures remaining at 0°C. This could be an indication that the ascending air circulation was less efficient due to a weak temperature gradient between the outside air and ground temperatures. Consequently, the recharge of the cold reservoir was weak, which could also explain the warmer GST recorded during summer 2007 and 2008 at CV-Soil (+1°C warmer), and the general MAGST increase recorded in the different investigated sites. On the other hand, during cold winters the ventilation process is highly efficient, leading to a cooling of the interior ground at great depths and thereby creating a large «cold» reservoir. Aspiration of cold air is not hindered by a thick snow pack, the air flowing through the pores of the snow.
Consequently, temperatures during winter, and in particular, the intensity and the duration of cold weather periods, can be marked as the main key variables for thermal balance in a ventilated porous debris accumulation. A similar observation has also been made for ice caves (Luetscher 2005) . In contrast, due to the inverse relationship between the external air temperature and the GST in the lower part of the slope in summer, and the insignificant role played by snowcover, changes of MAGST in a cold talus slope significantly differ from the MAGST regime observed in conventional permafrost situations (e.g. rock glaciers) at high altitude (Delaloye 2004; Nötzli et al. 2009 ) (Fig. 6 ).
Possible permafrost in low elevation ventilated talus slope
The particular thermal regime of ventilated talus slopes is mainly controlled by advective energy fluxes. The «frigories» are supposed to be «stored» by conduction in the rocky materials and by groundwater freezing (latent heat) during its formation in spring (Sawada 2008) . A part of this energy is also transmitted downwards by conduction in the finer sediments. The dataset of the two boreholes in Dreveneuse d'en Bas allowed to point out the permafrost aggradation, temperate state (0°C except between February and April 2006) and particular geometry in the talus slope between 2004 and 2006 (Fig. 1) .
The 1-2 m thick permafrost recorded at Dreveneuse d'en Bas is located close to the ground surface inside the blocky material in the lower half of the dwarf trees area, where cold air outflow occurs in summertime, and seems to extend at greater depth at least until the middle of the slope, in the finer sediments just under the talus slope. However, after to the exceptionally mild winter 2006-2007, only seasonal freezing was observed for the following three winters. Due to its rapid formation and disappearance, the frozen ground in Dreveneuse d'en Bas could be associated with short-term permafrost, called «pereletok» by Gorbunov et al. (2004) .
It should be noted, however, that the characteristics of the Dreveneuse d'en Bas permafrost cannot be completely transferred to possible permafrost in other low elevation talus slopes. Morphological distinctive features of the talus slope (e.g. total volume, block size, topography at the base of the talus slope), as discussed in Ruzicka (1999) , should also be taken into account because they may influence the size and depth of the cold reservoir. Wakonigg 1996) , the observation of perennially frozen ground is not as common due to the relative lack of long term direct measurements at depth. In the Klic scree (Czech Republic, MAAT: 6-8°C), permafrost is considered to be highly probable due to seismic measurements which suggest the occurrence of perennial ice lenses (Gude et al. 2003) . A permafrost ice body is also suspected at Creux-du-Van, based on monitoring of electrical resistivity tomography. However, the only certain observation of permafrost is reported for Mt. Nishi-Nupukaushinupuri (Japan) by Sawada (2008) .
MAGST and MAAT (°C)
In the lower part of this slope -in the same position as BH2 (Dreveneuse) -a perennial 1 m thick ground ice lense has been preserved for at least 3700 years. The MAAT (0.7-1.7°C) is 3°C colder than in Dreveneuse d'en Bas. In the Bruson talus slope, where the MAGST was always lower than 0°C in 2005-2009, such perennial frozen ground should therefore not be excluded.
Conclusion
It appears that advective heat fluxes («chimney effect») play a major role in the cooling of surface temperatures in porous debris accumulation. This process is very common in porous debris accumulations at low elevation in mid-latitude areas. At ground surface, a continuous succession of negative thermal anomalies is found in the lower part of a ventilated area, while in the upper part the GST regime is always positive. The coolness and stability of the GST during summer in the lower part provides favourable conditions for specific boreo-alpine ecosystems.
At depth, thin (sub)talus permafrost can form just a few metres below the surface in the lower part of the slope and can extend (and be restricted) to greater depths until the middle part of the slope. This extrazonal permafrost is mainly temperate and its geometry and occurrence can suffer very rapid changes.
The thermal balance of a ventilated talus slope is mainly conditioned by winter temperatures. The thermal conditions observed at the ground surface and in the shallow sub-surface in summertime are mainly influenced by the intensity of winter cooling and the recharge of the cold reservoir, even after the onset of a thick snowpack. Snowcover and summer temperatures thus play an insignificant role. This observation contrasts with control factors determined for «classical» permafrost terrain.
